The liver is generally recognized as the major, if not the sole source of glucose to the body in the postabsorptive state. Estimation of the amount of glucose produced by the liver has been difficult until recent years because of the problem of measuring hepatic blood flow and of obtaining the proper bloods for calculation of the arterialhepatic venous and arterial-portal venous glucose differences. Soskin and coworkers (1), however, did make estimates of the hepatic glucose balance in extensively operated dogs. The recent introduction of the procedure of catheterization of the hepatic veins of man (2) has allowed estimation of the hepatic blood flow (3, 4) and the collection of blood samples from those veins for the determination of the glucose difference between hepatic venous and arterial bloods. This technique has been used by Bondy (5, 6) and ourselves (7) in the study of hepatic carbohydrate balance in normal and diabetic subjects.
The liver is generally recognized as the major, if not the sole source of glucose to the body in the postabsorptive state. Estimation of the amount of glucose produced by the liver has been difficult until recent years because of the problem of measuring hepatic blood flow and of obtaining the proper bloods for calculation of the arterialhepatic venous and arterial-portal venous glucose differences. Soskin and coworkers (1) , however, did make estimates of the hepatic glucose balance in extensively operated dogs. The recent introduction of the procedure of catheterization of the hepatic veins of man (2) has allowed estimation of the hepatic blood flow (3, 4) and the collection of blood samples from those veins for the determination of the glucose difference between hepatic venous and arterial bloods. This technique has been used by Bondy (5, 6) and ourselves (7) in the study of hepatic carbohydrate balance in normal and diabetic subjects.
The product of the arterial-hepatic venous glucose difference and the hepatic blood flow provides the splanchnic glucose production. The splanchnic area as used in this paper constitutes the liver plus the various viscera drained by the portal vein. The splanchnic blood flow is equal to the total hepatic blood flow in the absence of significant portal venous collaterals. The hepatic glucose output, however, exceeds the splanchnic glucose output, as calculated from the hepatic blood flow and the arterial-hepatic venous glucose difference, since the liver must make up for whatever glucose is consumed by the various portal viscera. The net splanchnic glucose output is thus defined as the hepatic glucose output minus the glucose consumption of the organs drained by the portal vein. The liver itself may be utilizing and producing glucose simultaneously. Thus the hepatic glucose output determined by these methods is, again, a net hepatic glucose production.
Given a constant arterial concentration of glucose in the absence of glycosuria, the hepatic glucose output must equal the non-hepatic (peripheral) glucose utilization. Thus the net splanchnic glucose production serves as an estimate of the peripheral glucose consumption. Soskin and coworkers (1) showed that in the dog a slow infusion of glucose of a magnitude to balance the hepatic glucose output abolished the latter. This procedure has been utilized by us in balance with the net splanchnic glucose production in an attempt to check on the accuracy of the determination of splanchnic glucose production by the blood flow method.
Since portal venous blood is not obtainable in intact man and since knowledge of the arterialportal venous glucose difference and portal venous blood flow is necessary to correct net splanchnic glucose output to hepatic glucose production, the latter has heretofore not been determined in man. The presence of large, readily accessible portal venous collaterals in three patients with cirrhosis of the liver has allowed us to estimate the true hepatic glucose production in these individuals. Others (8) (9) (10) (11) have used such portal collateral veins for study of the absorption of glucose and other substances from the intestine but never, in conjunction with arterial and hepatic venous glucose determinations, to investigate hepatic glucose balance.
This report, then, deals with the hepatic arteriovenous glucose differences and the net splanchnic glucose productions in a series of control subjects and in groups of patients with Laennec's cirrhosis of the liver, treated diabetes mellitus, hyperthyroidism, and chranic cardiac failure. These data are correlated with the oxygen consumption in the splanchnic area and in the 1421 rest of the body. Included are the reports of seven subjects in whom the splanchnic glucose production was estimated by the slow infusion of glucose, and the data on the three subjects with hepatic cirrhosis in whom true hepatic glucose productions were calculated.
METHODS
The hepatic blood flows were estimated by the bromsulphalein method of Bradley (3) . All flows are calculated from the average of at least four determinations of hepatic arteriovenous bromsulphalein difference at five to ten minute intervals. The validity of the bromsulphalein method for determining hepatic blood flow has recently been contested on the basis that there is significant extra-hepatic loss of the dye (12, 13 We must conclude that, as physiological measurements go, the bromsulphalein method gives a valid estimate of hepatic blood flow, that is, within 20 per cent of the true value in the individual case and probably much closer to the true flow when a series of similar subjects is studied. Furthermore, the estimation of the hepatic blood flow in control subjects by a completely different method (4) gave results which agreed closely with the bromsulphalein procedure.
No subject with disease which is known to impair hepatic function, such as Laennec's cirrhosis, hyperthyroidism, or congestive heart failure, is included in this report unless the hepatic extraction percentage for bromsulphalein was at least 10 per cent. Under these circumstances, it is thought that the bromsulphalein technique gives reasonably reliable estimates of the blood flows of these diseased livers.
Blood glucose was determined by the method of Somogyi (16) as modified by Nelson (17) . Samples were preserved with sodium fluoride but nevertheless care was taken that protein-free filtrates were prepared promptly so as to avoid glycolysis. Blood oxygen contents were determined by either the manometric method of Van Slyke and Neill (18) or the colorimetric procedure of Hickam and Frayser (19) . Total oxygen consumptions were determined by the method of Haldane on samples of expired air collected in Douglas bags. All subjects were studied in the post-absorptive state, usually after an overnight fast. No special effort was made to control the diet during the several days preceding the test; all patients, however, had been eating reasonably well of the standard ward diet or of the diet usually prescribed for their disease. Phen6barbital 90 mg. or sodium pentobarbital 100 mg. orally was the only premedication used. The entire procedure, including venous catheterization, was generally accomplished without significant discomfort. After an interval of 10 minutes or thereabout to allow the subject to approach the basal state as closely as possible, blood samples for bromsulphalein, glucose and oxygen were collected. As a rule, four arterial, four hepatic venous, and when available four portal collateral venous samples were collected over a period of 20 to 30 minutes for glucose de- terminations. Thus all glucose concentrations reported in this paper represent the average of three to five determinations at seven to ten minute intervals. Under these circumstances, it is thought proper to record glucose values to the tenth of a milligram. Our method of analysis for each sample being accurate to 1 mg. per cent, it is considered in general that arteriovenous differences of more than 2 mg. per cent are significant. This difficulty in measuring arteriovenous glucose difference when taken together with the probable error in the estimation of hepatic blood flow, as discussed above, means that the calculated net splanchnic glucose productions are only reasonably accurate estimates and that considerable variation from the normal is required before significance can be attached to such a difference.
Note was made of any anxiety or apprehension on the part of any subject during the study. That the groups of subjects were not very apprehensive is indicated by the average total oxygen consumptions (Table II) which were not in excess of 10 per cent above the normal basal, with exception of those patients with thyrotoxicosis or heart failure where basal oxygen consumption is characteristically elevated.
For the constant infusion experiments, basal blood flow and glucose studies as just described were completed first. Then 5 per cent glucose in physiological saline solution was infused intravenously, using a calibrated drip, at a rate sufficient to provide between 39 and 157 mg. of glucose per minute, and the hepatic blood flow and hepatic arteriovenous glucose differences were redetermined. As a rule, 30 minutes were allowed after beginning the infusion for equilibrium to be approached. Then three further blood samples from hepatic vein and peripheral artery were collected for bromsulphalein, oxygen, and glucose analyses.
RESULTS
It is of primary importance to establish the relationship of the calculated net splanchnic glucose production to the true hepatic production. Three patients with Laennec's cirrhosis of the liver, portal hypertension and extensive paraumbilical collateral veins have provided an opportunity to estimate arterial-portal venous and arterial-hepatic venous glucose differences (Table  I) . The blood flow in these veins was so rapid as to produce a loud venous hum and palpable thrill. The collaterals were proven to contain portal venous blood by the high concentration of sodium sulphathiazole which appeared there after the oral administration of that drug. The use of oral sulphathiazole together with bromsulphalein has allowed an estimation of the portal venous and hepatic arterial components of the total hepatic blood flow (20) , and the simultaneous measurement of the arterial-portal collateral and arterialhepatic venous glucose differences allows correction of the net splanchnic glucose production to true hepatic glucose production, as is shown in Table I sults a low glucose difference between arterial and portal venous bloods, with the hepatic venous glucose level being well in excess of the arterial. Likewise, Ravault and coworkers (8) and Sherlock and Walshe (9) found no difference in glucose between portal collateral and antecubital venous bloods in the post-absorptive state.
In Table II are given the mean data on 38 subjects who had no or insignificant disease (controls), eight patients well convalescent from acute infections or having mild chronic infectious processes, and groups of patients with diabetes mellitus, Laennec's cirrhosis, hyperthyroidism, and heart failure. In no instance in any group did the arterial glucose concentration vary by more than 3 mg. per cent during the period for which the net splanchnic glucose output was calculated. For example, the average change in arterial glucose concentration in the 38 controls was -0.1 mg. per cent with a standard deviation of ± 1.2 mg. per cent. The few cases in which the arterial glucose level rose or fell by more than 3 mg. per cent are excluded from this report. These conditions would seem adequate to allow translation of splanchnic glucose outputs into peripheral glucose consumptions.
The control subjects had a mean hepatic venous glucose concentration in excess of the arterial level by 8.5 + 0.4 mg. per cent.3 The hepatic venous glucose concentration was higher than the arterial in every subject. The net splanchnic glucose production averaged 64.6 ± 3.7 mg. per minute per sq. M. of body surface. The eight patients with convalescent or mild chronic infections gave values a little higher than those of the control group but not significantly so.
Nine individuals were studied with severe to moderate diabetes mellitus, all of whom had received protamine zinc insulin in adequate or inadequate amounts, the last dose having been given 24 hours before the time of study. The mean values for hepatic arteriovenous glucose difference and net splanchnic glucose production deviate insignificantly from the control figures. None of the nine patients had more than mild glycosuria at the time of study. It is not thought that this glucose loss alters the essential normality of the estimated peripheral glucose consumption in these treated diabetics. The data on eight individuals with chronic congestive heart failure are also summarized in Table II of the liver where the ability of the liver to excrete bromsulphalein is impaired. Severe anemia, on the other hand, might be expected to show a low hepatic arteriovenous glucose difference because of the rapid hepatic blood flow. Investigation of anemia, with this point in mind, is in progress. The assessment of anxiety during studies such as these is difficult and, accordingly, no pointed investigation of the effects of anxiety on hepatic glucose output was undertaken. Four of the control subjects summarized in Table II , and including E. M. of Table III , were noted during their study to be more apprehensive than the other subjects. This was evidenced by a startled appearance, tachycardia, mild tremor and the patients' own statement afterward confirming apprehension. It is of interest that in these four individuals, the glucose production was essentially twice normal, being 113, 135, 131, and 107 mg. per minute per sq. M., respectively. Their arterial blood sugar concentrations were within the same range as the non-anxious controls. That the extra glucose produced is metabolized in some fashion is indicated by the absence of detectable rise in the arterial blood glucose concentrations of these patients during the course of the experiment. A doubling of splanchnic glucose output with the glucose being stored in the body water into which it diffuses, rather than being metabolized, would be expected to result in a rise in blood glucose concentration of about 6 mg. per cent over a period of 20 to 30 minutes. This should be enough of a rise to measure, but as stated above, the arterial glucose level remained constant in anxiety just as in non-anxlous individuals.
The net splanchnic glucose production is subnormal in Laennec's cirrhosis of the liver. The low hepatic blood flows, which many of these patients have, account for some but apparently not all of the decreased glucose outputs, even when one considers that the estimated hepatic blood flows in cirrhosis may be artefactually high, as is discussed under heart failure. The ability of the cirrhotic liver to form glucose from glycogen, as judged by the response of the blood sugar to epinephrine, is impaired (24) (25) (26) . It is also possible that in cirrhosis there is impairment of gluconeogenesis. In agreement with these observations is the finding of hypoglycemia in an occasional instance of advanced liver disease, including cirrhosis. The finding of the subnormal peripheral glucose utilization in cirrhosis implies, in view of the normal overall metabolic rate in this disease, an increased metabolism of either fat or protein in the fasting state.
The finding of the normal net splanchnic glucose production in diabetic patients under treatment with protamine zinc insulin supports the many observations of the past that under these circumstances peripheral glucose consumption is restored essentially to normal. It must be emphasized, however, that these results have no necessary bearing on the situation which exists in the diabetic subject not under insulin treatment.
In hyperthyroidism, the net splanchnic glucose production, and presumably the peripheral glucose utilization, are little, if at all, elevated in the post-absorptive period in the face of a considerably elevated BMR (+ 48%o in this series). Part of this discrepancy may be accounted for by the fact that the splanchnic oxygen consumption in hyperthyroidism is elevated more greatly than is the overall oxygen consumption (27) . Thus the non-splanchnic metabolic rate is lower than the BMR and the peripheral (non-splanchnic) glucose utilization would not be expected to be elevated in proportion to the BMR.
That the metabolism of fat is increased in the post-absorptive state in hyperthyroidism is evidenced by the significant lowering of the fasting respiratory quotient, as found by Sanger and Hun (28) and Bansi and Wolter (29) . The negative nitrogen balance and the tissue wasting which are observed so frequently in hyperthyroidism would support increased protein katabolism, particularly when the intake of food was inadequate to provide sufficient stores of carbohydrate and fat to meet the continued high metabolic demands of the post-absorptive period. One explanation of the relatively low splanchnic glucose production, then, might be that in the fasting state in thyrotoxicosis the proportion of carbohydrate metabolized is reduced, with fat and protein metabolisms being proportionately increased.
The liver of hyperthyroidism is not devoid of glycogen even in the fasting state (30) so that profound deficiency of glycogen cannot be invoked to explain any relative deficiency in splanchnic glucose output. Furthermore Richardson, Levine, and DuBois (31), by calorimetric studies in thyrotoxicosis, showed the fasting carbohydrate metabolism, which was mildly increased above normal in keeping with our determinations, to be in large part derived from preformed carbohydrate, presumably liver glycogen.
The only previous estimates in man of peripheral glucose utilization from measurement of the splanchnic glucose production are those of Bondy (5 If for purposes of calculation it is assumed that our control subjects remained fasting for 24 hours and maintained their net splanchnic glucose productions at the rate herein determined, then the mean glucose output of 65 mg. per minute per sq. M. amounts to a total production of 162 gms. of glucose per 24 hours for a man of 1.73 sq. M. It is of interest to determine quantitatively, with the limit of our present knowledge, where this glucose is used peripherally.
Scheinberg (32) Levitan (37) in 13 observations on six normal medical students could measure no significant glucose difference between arterial and renal venous bloods. The renal arteriovenous glucose difference, however, would be difficult to measure in view of the normally high rate of renal blood flow. There is evidence from animal studies (38) (39) (40) (41) that the kidney may be a site for gluconeogenesis. If this is true in normal, post-absorptive man, then the renal venous glucose level might exceed slightly the simultaneous arterial level. In any case, it would seem that the net renal glucose utilization is not large.
In summation then, the net splanchnic glucose production is distributed 69 per cent to the brain and 31 per cent to other sites (including the skeletal muscles). It is to be recalled that the glucose utilization of the various portal viscera is already accounted for in the calculations of the net splanchnic glucose production. The portal visceral utilization in the fasting state, however, is small as is indicated by the very low arterialportal collateral glucose difference.
SUMMARY AND CONCLUSIONS 1. The net splanchnic glucose production has been estimated in groups of normal and diseased humans from the product of the hepatic (splanchnic) blood flow and the hepatic arteriovenous glucose difference. The net splanchnic glucose production, at a constant arterial concentration of glucose, approximates the rate of peripheral glucose utilization.
2. In normal controls, the hepatic arteriovenous glucose difference averaged 8.5 mg. per cent and the net splanchnic glucose production 65 mg. per minute per sq. M. of body surface. Forty-five mg. of this is used by the brain, leaving 20 mg. per per minute per sq. M. for use in other locations. Argument is given that these are reasonable estimates.
3. The slow intravenous infusion of glucose at rates moderately exceeding the splanchnic glucose production obliterates the hepatic arteriovenous glucose difference. This evidence indicates the correctness of the general magnitude of the estimated net splanchnic glucose production.
4. The glucose difference between arterial and portal venous bloods is apparently negligible. The net splanchnic glucose production, then, is very close to the true hepatic glucose output.
5. In insulin treated diabetes mellitus, both the hepatic arteriovenous glucose difference and the net splanchnic glucose production are normal. The splanchnic glucose production is low in Laennec's cirrhosis of the liver. The hepatic arteriovenous glucose difference is normal in hyperthyroidism, and the splanchnic glucose output is moderately but not significantly elevated. In congestive heart failure, the hepatic arteriovenous glucose difference is high in correspondence to the decreased hepatic blood flow. The rise in glucose difference is not fully compensatory, however, resulting in a somewhat subnormal splanchnic glucose production.
